Because of the ease in hosting harsh redox reactions, the soil bacterium Pseudomonas putida has 3 become a favorite workhorse for industrial and environmental biocatalysis. Yet, what makes this 4 bacterium such a naturally-good metabolic container of strongly oxidative biotransformations? We have 5 addressed this question by inspecting some key features of the internal redox balance during 6 biodegradation of m-xylene and benzoate, catalyzed by the TOL catabolic pathway borne by P. putida 7 mt-2. Our data show that the oxidative stress caused by such a metabolic process, evidenced both at 8 the transcriptional and macroscopic phenotype levels, is kept at bay by a shift in central metabolism 9 that favors formation of NADPH, the key cofactor to quell reactive O2 species (ROS). In order to test 10 whether transhydrogenases enabled a sustained supply of reducing power under such a redox-11 demanding growth regime, their cognate genes were deleted and the resulting mutants subject to a 12 battery of genetic, biochemical, and phenomic tests. The results accredited the key role of 13 transhydrogenases for meeting the high NADPH demand caused by internal and external ROS stress. The metabolic versatility of the soil bacterium Pseudomonas putida is reflected by its ability to execute 3 strong redox reactions (e.g., mono-and di-oxygenations) on aromatic substrates. Biodegradation of 4 aromatics occurs via the pathway encoded in the archetypal TOL plasmid pWW0, yet the effect of 5 running such oxidative route on redox balance against the background metabolism of P. putida remains 6 unexplored. To answer this question, the activity of pyridine nucleotide transhydrogenases (that 7 catalyze the reversible interconversion of NADH and NADPH) was inspected under various 8 physiological and oxidative stress regimes. The genome of P. putida KT2440 encodes a soluble 9 transhydrogenase (SthA) and a membrane-bound, proton-pumping counterpart (PntAB). Mutant strains, 10 lacking sthA and/or pntAB, were subjected to a panoply of genetic, biochemical, phenomic, and 11 functional assays in cells grown on customary carbon sources (e.g., citrate) versus difficult-to-degrade 12 aromatic substrates. The results consistently indicated that redox homeostasis is compromised in the 13 transhydrogenases-defective variant, rendering the mutant sensitive to oxidants. This metabolic 14 deficiency was, however, counteracted by an increase in the activity of NADP + -dependent 15 dehydrogenases in central carbon metabolism. Taken together, these observations demonstrate that 16 transhydrogenases enable a redox-adjusting mechanism that comes into play when biodegradation 17 reactions are executed to metabolize unusual carbon compounds. 18 19
INTRODUCTION

21
Pseudomonas putida mt-2 is a soil bacterium characterized by a remarkable metabolic versatility, which 22 through the activity of several dehydrogenases that yield NADPH (Fig. 1A) . This remarkable metabolic 28 heftiness is bound to be different in the presence of aromatic compounds because of the very chemical 29 nature of the substrates. 30 largely obscure, even though there are two putative transhydrogenases encoded in the genome of the 10 model strain KT2440 (Fig. 1C) . Surprisingly enough, the first evidence of transhydrogenation comes 11 from early biochemical studies performed on P. fluorescens (Colowick et al., 1952; Kaplan et al., 1952) . 12
13
In this work, the adaptations in the redox metabolism of P. putida KT2440 carrying the pWW0 catabolic 14 plasmid were addressed in cells exposed to m-xylene or benzoate, two substrates of the TOL pathway. 15
The data below accredit not only a network-wide re-routing of carbon skeletons towards NADP + -16 dependent dehydrogenases, but also identify transhydrogenases as key players of redox homeostasis 17 under biodegradation conditions. These enzymes enabled endurance against the oxidative stress 18 imposed either by the catabolism of these aromatic substrates themselves or by external metabolic and 19 oxidative perturbations. The thereby achieved robustness in the redox balance helps explaining why 20
Pseudomonas species are frequent hosts of oxidative routes for aromatic pollutants. 21
22
RESULTS AND DISCUSSION
24
Aromatic compounds impose stressful conditions to Pseudomonas putida KT2440 (pWW0) 25 26
Central carbon catabolism in P. putida KT2440 is characterized by a remarkable metabolic flexibility 27 that enables the bacterium to cope with harsh and diverse environmental conditions (Nelson et al., Pseudomonas species are evolutionary endowed with the necessary enzymatic activities to break down 31
12
Aromatic substrates cause a metabolic regime favoring NADPH formation in Pseudomonas putida 13
KT2440 (pWW0) 14 15
The bioreactions that constitute the core biochemical network of P. putida can be grouped into four (Fig. 1A) . Dehydrogenases of central carbon 18 metabolism provide or use reducing equivalents, and some of them are considered to be the main 19 source of NADPH needed not only for anabolism but also for counteracting oxidative stress (Singh et 20 al., 2007; Fuhrer and Sauer, 2009 ). The activity of the major dehydrogenases from the four metabolic 21 blocks of P. putida(pWW0) was thus explored under biodegradation conditions. Two main 22 dehydrogenases of the EMP pathway were analyzed: glyceraldehyde-3-P dehydrogenase (Gap) and 23 the pyruvate dehydrogenase (PDH) complex (Fig. 3) . The total NAD + -dependent Gap activity was 24 relatively low under all the conditions, and there were no significant differences between the different 25 carbon sources used. PDH, which also generates NADH, had a slightly lower activity in both m-xylene 26 and benzoate than in citrate cultures. The differences in activity mediated by each carbon source 27 became more evident when analyzing the two major dehydrogenases of the oxidative PP pathway, i.e., 28 glucose-6-P dehydrogenase (Zwf) and gluconate-6-P dehydrogenase (Gnd). These enzymes display a 29 preference for NADP + as the cofactor (Olavarria et al., 2015) , and their capability to contribute NADPH 30 under biodegradation conditions was clear: the Zwf activity increased 3-and 4-fold in benzoate and m-31 gluconeogenic NADP + -dependent malic enzyme (MaeB) had a very high activity in all the conditions 11 analyzed, with a 1.3-fold increase in aromatic substrates-dependent growth as compared to control 12 conditions with citrate as the carbon source. , 2015) . In citrate cultures, this value increased 1.8-fold, reflecting the gluconeogenic demand of 22 NADPH under these conditions. However, when benzoate was used as the sole carbon source, the 23 actual NADPH concentration increased 2.6-fold as compared to that in glucose-grown cells. Alas, the 24 concentration of NADPH could not be assessed in m-xylene-grown cells, as the extraction process for 25 pyridine nucleotides was flawed by the presence in the medium of this very hydrophobic growth 26 substrate (data not shown). In any case, this distribution of reducing equivalents reflects the activities of 27 the individual NADP + -dependent dehydrogenases in central carbon metabolism under the culture 28 conditions explored in the present study. The high NADPH regeneration rates in P. putida growing on 29 aromatic substrates could arise from the imbalance between O2 demands (i.e., needed for the oxidation 30 substrates are used. Since all the enzymes analyzed in this section have a role not only in redox 10 balance but also generating metabolic intermediates (i.e., also affecting carbon balance), we wondered 11 if there were other mechanisms not coupled to central carbon metabolism that may be relevant to 12 maintain redox homeostasis under biodegradation conditions. One such specific mechanism is the 13 interconversion of the NADH/NADPH pools, not coupled to carbon metabolism, catalyzed by pyridine 14 nucleotide transhydrogenases. 15
16
Pyridine nucleotide transhydrogenases in Pseudomonas putida KT2440 17
18
Pyridine nucleotide transhydrogenases catalyze the reversible reduction of either NAD + or NADP + by 19 NADPH or NADH (E.C. 1.6.1.1/E.C. 1.6.1.2) in diverse (micro)organisms (Fig. 1B) constitutes the full-length, bona fide  subunit of the membrane-bound NAD(P) + transhydrogenase in P. 25 putida KT2440. This polypeptide shares a 88% and 51% identity with PntB of P. aeruginosa PAO1 and 26 E. coli K-12 strain MG1655, respectively. A functional analysis of transhydrogenation in P. putida 27 KT2440 was therefore needed to assess these in silico predictions, which related both 28 transhydrogenase enzymes to those in other Pseudomonas species rather than the more studied 29 counterparts found in Enterobacteria. ( Fig. 4A and 4B) . These translational fusions were evaluated in the P. putida KT2440(pWW0) genetic 16 background using glucose, citrate, m-xylene, or benzoate as the carbon source. The level of 17 transcription and translation of both sthA and pntA was low in minimal medium with either glucose or 18 citrate (<300 -galactosidase units, Fig. 4A and 4B) , mirroring the mRNA sequencing results discussed 19 above. However, a significant increase in the -galactosidase signal was detected when m-xylene or 20 benzoate were used as the carbon sources. Cells carrying the (sthA'-'lacZ) fusion showed a 5-and 6-21 fold increase in the -galactosidase activity upon exposure to benzoate and m-xylene as compared to 22 that in citrate cultures, respectively (Fig. 4A) . The raise of the activity in cells expressing the (pntA'-23 'lacZ) fusion was more modest in comparison, consisting in a mere 2-fold increase in benzoate and m-24 xylene cultures as compared to the activity observed in citrate cultures (Fig. 4B) . Note that this fusion 25 captures the regulation of both pntA and pntB, as these two genes are likely to form an operon in the 26 genome of P. putida. The overall activity of the pntA-based translation fusion was lower than that of the 27 sthA counterpart probably because of the presence of a GTG start codon in the pntA coding sequence. 28
The translation efficiency of the GUG codon versus the AUG codon has been reported to be in a 2:6 29 ratio in E. coli (Reddy et al., 1985) , an observation that supports the low -galactosidase activity 30 stemming from the pntA fusion. Yet, does this regulatory pattern translates into an actual 1 transhydrogenation activity in P. putida? 2
3
Transhydrogenation reactions are reportedly difficult to evaluate in vitro, and we resorted to the 4 reduction of 3-acetylpyridine adenine nucleotide coupled to the oxidation of pyridine nucleotides for the 5 biochemical assays reported herein. While the values obtained for P. putida KT2440(pWW0) among all 6 the conditions tested (Fig. 4C) were less than one third of those observed in glucose-grown E. coli (Fig.  7   4D) , the activities were clearly distinguishable from the background dehydrogenase in the cell-free 8 extract (< 2 nmol min -1 mg protein -1 ).The total transhydrogenase activity in glucose-grown E. coli 9 BW25113 cells (used as a positive control) reached 28.5 ± 1.2 nmol min -1 mg protein -1 (Fig. 4D) , 10 carrying these mutations in several growth conditions ( Table 1) . In full agreement with the genetic and 31 biochemical results described above, there was no gross phenotypic differences among the wild-type 1 strain and the transhydrogenase mutants in glucose or citrate cultures. The situation changed when 2 either m-xylene or benzoate were used as the carbon source. The  value of the sthA pntAB mutant 3 in either aromatic was the lowest, suggesting an additive effect of each transhydrogenase to the 4 phenotype in the double mutant. In any case, it seems that eliminating sthA had a larger impact on 5 bacterial growth than pntAB, a trait that was observed with both benzoate and m-xylene. As  is the 6 overall consequence of a number of diverse metabolic processes taking place at the same time, the 7 physiology of the mutants was further dissected by analyzing the phenomic signature of each 8 transhydrogenase mutant. 9
10
The Phenotype MicroArray TM (PM) technology (Biolog Inc., Hayward, CA, USA) was adopted for the 11 high-throughput phenotyping of the single sthA and pntAB mutants of P. putida KT2440. The full PM 12 metabolic profile, comprising a set of 20 different plates (i.e., PM1 to PM20) was used for surveying 13 metabolic and stress-related differences between the wild-type strain and mutant derivatives. The 14 phenotypic reactions in the PM platform were recorded as the respiration kinetics using the reduction of The PM plates not only cover a range of carbon, nitrogen, phosphorous, and sulphur sources, but they 17 also expose the influence of nutrient supplements, osmolytes, extreme pH values, and sensitivity to a 18 collection of stressors. A simple perusal of the PM results indicates 35 phenotypic differences in the 19 sthA mutant as compared to the wild-type strain (i.e., 4 phenotypes gained and 31 phenotypes lost; 20 Table S3 in the Supporting Information). The pntAB mutant, in contrast, gained 35 phenotypes as 21 compared to P. putida KT2440, and had lost 22 physiological traits ( Table S4 in culture conditions for which the transhydrogenase mutants were more sensitive than the parental strain, 27 the emerging picture was that the mutants were affected in maintaining redox balance. A similarly 28 sensitive phenotype was observed in a transhydrogenase-defective mutant of P. corrugata (Decorosi et 29 al., 2011). In any case, the most prominent phenotype in both P. putida mutants was an increased 30 sensitivity to the oxidant methyl viologen, an aspect that was further pursued as disclosed in the next 1
section. 2 3
Transhydrogenase-deficient Pseudomonas putida strains are very sensitive to oxidative stress and 4
display high levels of lipid peroxidation 5 6
To further validate some of the stress-related profile given by the PM technology, the methyl viologen-7 and menadione-mediated inhibition of growth was quantified in P. putida KT2440 and its sthA and 8 pntAB derivatives (Fig. 5B) . The addition of either ROS elicitor at 0.5 mM to exponentially-growing 9 cells in citrate cultures caused a marked reduction in , that was used to calculate the normalized 10 growth coefficient as a measure of bacterial growth inhibition. Both redox compounds elicited a similar 11 response in all the cultures conditions and mutant strains tested. In P. putida, the maximal growth 12 hindrance mediated by methyl viologen or menadione was ca. 28%, whereas the growth of the sthA 13 strain was cut down by almost half. The pntAB mutant was not that much affected, displaying a mere 14 10% to 20% growth inhibition. The combination of the two deletions, however, determined a much 15 weaker stress-resistance phenotype, since P. putida sthA pntAB responded to the methyl viologen 16 challenge by diminishing  by 70%. The stress sensitivity displayed by the double mutant was further 17 exacerbated when using m-xylene or benzoate as the carbon source, to such an extent that this strain 18
could not resume growth after the oxidative challenge (data not shown). Interestingly, a double sthA 19 pntAB mutant of E. coli BW25113 was not able to resist an oxidative insult caused by 0.5 mM 20 menadione in glucose cultures, a phenotype which is in line with the prominent role of PntAB in 21 providing NADPH in Enterobacteria (Fuhrer and Sauer, 2009 ). Yet, is there a connection between 22 transhydrogenation and the ability of P. putida to quell ROS formation? 23 24 P. putida KT2440 and the sthA pntAB double mutant were grown using m-xylene or benzoate as the 25 carbon source and stained with H2DCF-DA to assess the endogenous formation of ROS under 26 biodegradation conditions when no transhydrogenase activity is present (Fig. 6A) . Consistent with the 27 phenotypic characterization experiments described so far, the mutant strain devoid of 28 transhydrogenases had a higher accumulation level of ROS than the wild-type counterpart, that sums 29 up to the oxidative stress produced by aromatic substrates themselves ( Fig. 2A) . This difference in 30 ROS formation was particularly clear in m-xylene culturesthus reflecting a more impactful stress effect 31 of the sthA pntAB strain was further evidenced by addition of H2O2 at 2.5 mM to citrate cultures, a 11 condition know to derive not only in massive ROS formation but also in peroxidation of membrane lipids 12 in E. coli. Such oxidative challenge resulted in the highest accumulation of TBARS among the 13 conditions tested, i.e., 735 ± 46 pmol malondialdehyde mg protein -1 , a 1.5-fold increase in this stress 14 parameter as compared to that elicited in P. putida KT2440 upon the same treatment (Fig. 6B) . Again, 15
these results indicate that the absence of SthA-and PntAB-dependent transhydrogenation causes a 16 weakening in the overall redox balance of P. putida, which in turn translates into endogenous ROS 17 accumulation and lipid peroxidation (probably affecting other cell processes as well). However affected, 18 the cells could cope with these redox insults up to some extent, and the biochemical reasons underlying 19 these phenotypes in a transhydrogenase-deficient background were tackled next. 20
21
The absence of transhydrogenation results in a redox imbalance partially compensated by an increase 22 in the activity of native dehydrogenases 23 24
The results of the phenotypic tests above disclose a link between redox balance, ROS formation, and 25 macromolecular damage in the transhydrogenase mutants, especially when the cells are grown on 26 aromatic compounds. However, the actual metabolic reason behind these phenotypes remains to be 27 explored. The intracellular availability of redox cofactors thus bridges the gap between biochemical 28
adaptation to the culture conditions tested here and the macroscopic phenotypes observed. In order to 29 explore how the mutants react to an artificial imbalance in the intracellular availability of nicotinamide 30 cofactors, a further redox perturbation was introduced into the biochemical network of P. putida by 31 overproducing a NADH oxidase from Streptococcus pneumoniae (Nox). Nox is a NADH-specific 1 oxidase enzyme, largely non-reactive towards NADPH, which converts O2 to H2O with only a very 2 was thus selected to impose a metabolic burden by increasing redox cofactor oxidation. Over-6 expression of the nox gene from plasmid pS234·nox in strain KT2440 resulted in specific NADH 7 oxidase activities ranging from 1.5 to 2.6 mol min -1 mg protein -1 , in the same range as reported by 8
Ebert et al. (2011) . The impact of this perturbation on cell metabolism was estimated by measuring the 9 benzoate-dependent growth kinetics in cultures of the wild-type strain and the sthA pntAB double 10 mutant carrying plasmid pS234·nox (Fig. 7A) . Nox caused a ca. 28% decrease in  in P. putida 11 KT2440, whereas the same conditions reduced the growth of the transhydrogenase-defective mutant 12 by ca. 59%indicating that the elimination of SthA and PntAB impairs the ability of P. putida to 13 accommodate the redox stress imposed by Nox. 14 15
In our quest to understand how redox balance is maintained in the sthA pntAB background, the 16 activities of the dehydrogenases that generate reducing power as NAD(P)H (Fig. 1A) was investigated 17 in the P. putida mutant lacking transhydrogenases. Cells were grown on benzoate as the sole carbon 18 source, as this situation imposes a redox-demanding metabolic regime as discussed above (see also 19
Fig. 2).
The NADP + -dependent Zwf, Gnd, and Icd dehydrogenases had a significant increase in their 20 activities in the P. putida sthA pntAB mutant as compared to wild-type strain KT2440 (Fig. 7B ). This 21 difference was the largest for Gnd (2.6-fold increase), a dehydrogenase belonging to the oxidative PP 22 pathway. Zwf (oxidative PP pathway) and Icd (TCA cycle) increased their in vitro activities in the 23 transhydrogenase-deficient strain by ca. 60% and 44%, respectively, as compared to P. putida KT2440. 24
Other dehydrogenases, the activities of which are presented in Fig. 3 , displayed no significant 25 differences in the double mutant strain (data not shown). When the activities of Zwf, Gnd, and Icd were 26 evaluated under non-saturating, quasi in vivo conditions, all three dehydrogenases displayed a 27 remarkable preference for NADP + over NAD + as the redox cofactor. Taking these results in perspective, 28 it can be safely assumed that the lack of transhydrogenases in P. putida KT2440 results in an overall 29 dearth of intracellular NADPH, which is partially counteracted by an increase in the activities of some carriers in a number of reduction and oxidation reactions, but their availability also mediates the ability 23 of microorganisms to thrive under harsh conditionsas it is the case for some Pseudomonas species, 24 burgeoning in heavily polluted environments. In this study, we have disclosed a network-wide 25 adaptation of metabolic functions related to redox homeostasis that enables P. putida to use aromatic 26 compounds as the carbon source. Biodegradation of these compounds is a highly NAD(P)H-demanding 27 metabolic process, and this demand of reducing power is twofold. In the first place, several enzymes 28 within the TOL degradation pathway use redox cofactors to catalyze the O2-dependent oxidation of their 29
substrates (e.g., the benzoate-1,2-dioxygenase enzyme encoded by xylXYZ). Secondly, and apart of 30 the explicit dependence of some oxido-reductases involved in biodegradation of aromatic compounds 31 on NAD(P)H, the very substrates impose stressful conditions to the cells exposed to them. The use of 1 m-xylene or benzoate as the carbon source forces P. putida to use reducing equivalents not only to run 2 the cognate biodegradation routes but also to counteract the oxidative and membrane-targeted stress 3 produced by the substrates. Our results demonstrate that P. putida resorts to an increase in the 4 NADPH regeneration rate to accommodate these metabolic insults by [i] 
Antoniewicz, 2016). The situation with P. putida lies somewhere in between these two extremes: 11 transhydrogenases seem to act as a safety device of redox metabolism, i.e., they facilitate the 12 interconversion of redox cofactors whenever (and if) they are needed. It is tempting to extrapolate this 13 situation to other bacteria equipped with specialized biodegradation pathways: when the cells face 14 difficult-to-degrade substrates, they rely on network-wide adaptations as a first recourse to ensure 15 redox homeostasis, and then the action of other specific metabolic mechanisms can further adjust the 16 redox balance as needed. Interestingly, transhydrogenation was recently shown to be a highly 17 conserved redox-buffering mechanism that allows for the evolution of metabolic pathways in E. coli 18 Bacterial strains and plasmids used in this study are listed in Table S1 in the Supporting Information. 8 LB medium (Green and Sambrook, 2012) was used for routine maintenance of bacteria and during 9 construction of mutant strains. Solid culture media contained 15 g l -1 agar. A modified M9 minimal 10 medium was used for the physiological experiments, formulated to allow the growth of P. putida using 11 different carbon substrates, and containing (in g l -1 ): Na2HPO4, 6.0; KH2PO4, 3.0; (NH4)2SO4, 1.4; NaCl, 12 0.25; KCl, 0.25; MgSO4·7H2O, 0.2; CaCl2, 0.05; and polyoxyethylene sorbitan monooleate (Tween TM 13 80), 0.15. This culture medium was added with 10 mM glucose, sodium citrate, or sodium benzoate 14 (i.e., 60 mM of total carbon atoms), and 2.5 ml l -1 of a trace element solution (Nikel and de Lorenzo, 15 2013b). The pH of the sodium citrate and the sodium benzoate solutions was equilibrated to reach 16 neutrality. In experiments involving m-xylene as the carbon substrate, cells were grown in the modified 17
M9 minimal medium in Erlenmeyer flasks especially designed to allow for the free diffusion of volatile 18
substrates into the liquid phase, while avoiding direct contact of the cells with the bulk of the compound, 19 which would altogether inhibit growth. Even though the actual concentration of m-xylene could not be 20 assessed in these experiments, it can be safely assumed that the aromatic carbon substrate was not 21 limiting during the whole cultivation period. In all experiments, the initial pH was adjusted prior to 22 inoculation to 7.0  0.2 with 2 N NaOH or HCl as required. Concentrations of antibiotics were 150 or 23 500 g ml -1 for ampicillin (when selecting E. coli and P. putida, respectively), and 50 g ml -1 for 24 kanamycin (Km). MgSO4, CaCl2, antibiotics, the trace element solution, and soluble carbon sources 25 were added separately as filter-sterilized concentrated solutions after autoclaving and cooling of the 26 culture medium. All cultivations were carried out in an air shaker at 37°C (E. coli) or 30°C (P. putida) 27 with agitation at 170 rpm. Inocula were prepared in the modified M9 medium containing citrate, and 28 cells were washed twice by centrifugation and resuspension with the same medium but without any 29 carbon source before inoculation of the working cultures. Unless indicated otherwise, all the 30 physiological determinations were carried in mid-exponential cultures, when the optical density 31 measured at 600 nm (OD600) reached 0.4-0.7 units, half of the maximal cell density reached depending 1 on the carbon source used (also note that cells grown on m-xylene had a longer lag phase than in 2 citrate or benzoate cultures). In some experiments, oxidative stress conditions were imposed by adding 3 either methyl viologen or menadione (2-methylnaphthalene-1,4-dione) at 0.5 mM to exponentially-4 growing cells on citrate, after an OD600 of 0.15 ± 0.05 units was reached. Either drug was amended to 5 the cultures from concentrated solutions freshly prepared in dimethyl sulfoxide, and an appropriate 6 volume of dimethyl sulfoxide was added to control cultures. Normalized growth coefficients were 7 calculated by measuring  in different conditions as indicated by Nikel et al. (2013a) . In order to induce 8 oxidative stress when assessing the activity of stress-responsive promoters, methyl viologen was 9 added to the culture medium at 0.25 mM. Alternatively, H2O2 was supplemented at 1.5 mM. 10
11
General DNA manipulations and mutant construction 12 13 DNA procedures followed standard protocols and specific recommendations from manufacturers. 14 Plasmid DNA was maintained in E. coli CC118 and prepared using the Wizard Plus SV Minipreps kit 15 together by splicing-by-overlap extension (SOEing) PCR (see Table S2 in the Supporting Information). 23
The resulting 1.0-kb knockout segments were purified and, after digestion with the appropriate 24 In order to assess the stress response of P. putida when exposed to aromatic compounds and stress 21 agents, we resorted to transcriptional fusions of the promoters of three stress marker genes, i.e., ahpC 22 (PP_2439, alkyl hydroperoxide reductase), katA (PP_0481, catalase), and katB (PP_3668, 23 catalase/peroxidase HPI). The plasmid-based transcriptional fusions of PahpC and PkatA to the gene 24 encoding msf·GFP have been described previously (Svenningsen et al., 2015) . We constructed another 25 stress transcriptional reporter by amplifying the region -376 to -4 upstream of katB using 26 oligonucleotides katB_TF-F and katB_TF-R ( Table S2 in pSR·katA, and pSR·katB, Table S2 in the Supporting Information) were electroporated into P. putida 31 1.5-5.0 ml aliquots of the cultures with different carbon sources indicated in the text were pelleted by 11 centrifugation at 5,000g during 5 min, washed once with phosphate-buffered saline (PBS, pH = 7.5, 12 previously filtered using a 0.45-m membrane), and resuspended in PBS to adjust the OD600 to ca. 0.1. 13
The resulting cell suspension was added with H2DCF-DA at 40 M (from a freshly-prepared 4 mM 14 stock solution in dimethyl sulfoxide), and then incubated in the dark for 15 min at room temperature. were precipitated by the addition of 1.5 ml of 20% (w/v) trichloroacetic acid and centrifuged at 5,000g 21 for 5 min, and supernatants were mixed with 3 ml of a saturated solution of 2-thiobarbituric acid 22 dissolved in 100 mM HCl and 10 mM 2,6-bis(1,1-dimethylethyl)-4-methylphenol (i.e., butylated 23 hydroxytoluene). Samples were heated at 95°C for 60 min, and 1.5-ml aliquots were removed, chilled 24 on ice, and mixed with 1.5 ml of n-butanol. After centrifugation at 5,000g for 10 min, the organic 25 fraction was removed, and the absorbance at 535 nm was measured. The concentrations of TBARS 26 formed in each assay were calculated based on a standard curve for the malondialdehyde (Sigma-27 Aldrich Co.) complex with 2-thiobarbituric acid; the molar absorption coefficient (TBAR) was 156 mM -1 28 cm -1 at 535 nm. Table S1 . Bacterial strains and plasmids used in this study. 17 Table S2 . Oligonucleotides used in this study. 18 regulatory 5'-untranslated region upstream the pntA promoter, the putative PpntA promoter, and the 21 sequence encoding the first 30 amino acids of PntA were obtained by PCR using genomic DNA from 22 strain KT2440 as the template, and cloned into the empty pSEVA225T vector to construct (sthA'-23 'lacZ) and (pntA'-'lacZ) in-frame translational fusions. Plasmids pSTF·SthA and pSTF·PntA, carrying 24 these constructs, were transformed into Pseudomonas putida KT2440(pWW0). The elements in the 25 plasmids outline are not drawn to scale. Cells were grown on the carbon source indicated in each case, 26 and the specific -galactosidase activity was determined as detailed in the Experimental Procedures 27 section during exponential growth (note that the time needed to reach this physiological state depended 28 on the carbon source used). Bars represent the mean value of the specific -galactosidase activity  29 standard deviation of duplicate measurements from at least three independent experiments, and 30 different letters indicate significant differences (Student's t test, P value < 0.05). AFU, arbitrary 31 fluorescence units; OD600, optical density measured at 600 nm. The in vitro specific (Sp) 32 transhydrogenase activity was evaluated in cell-free extracts of P. putida KT2440(pWW0) and its 33 mutant derivatives grown on different carbon sources (C) and wild-type Escherichia coli grown on 34 glucose (D). The gray and orange dashed lines represent the background transhydrogenation detected 35 in a cell-free extract of either P. putida KT2440 sthA pntAB or E. coli BW25113 sthA pntAB, 36 respectively. Bars represent the mean value of the specific enzymatic activity  standard deviation of 37 triplicate measurements from at least two independent experiments, and different letters indicate 38 significant differences (Student's t test, P value < 0.05). 39 letters identify significant differences at P < 0.05 as indicated by the Mann-Whitney U test (n = 4 or 6). 21
The gray rectangle in each plot represents the maximum x-mean value of DCF fluorescence obtained 22 for all the strains grown in citrate cultures (see also Fig. 2A). (B) Lipid peroxidation in the 23 transhydrogenase mutants. Membrane lipid peroxidation was measured in vitro by assessing the ROS-24 dependent production of 2-thiobarbituric acid reactive species (i.e., malondialdehyde). H2O2 was added 25 to a separate set of cultures as a ROS elicitor (i.e., positive control). Each bar represents the mean 26 value of the content of 2-thiobarbituric acid reactive species  standard deviation of triplicate 27 measurements from at least two independent experiments, and different letters indicate significant 28 differences (Student's t test, P value < 0.05). 
